Main-chain organometallic polymers were synthesized from bimetallic iron(II) complexes containing a ditopic N-heterocyclic carbene (NHC) ligand [(cp)(CO)LFe(NHC~NHC)Fe (cp)(CO)L]X 2 (where NHC~NHC represents a bridging dicarbene ligand, L = Ior CO). Addition of a diimine ligand such as pyrazine or 4,4'-bipyridine interconnected these bimetallic complexes 10 and gave the corresponding co-polymers containing iron centers that are alternately linked by a dicarbene and a diimine ligand. Diimine coordination was depending on the wingtip groups at the carbene ligands and was accomplished either by photolytic activation of a carbonyl ligand from the cationic [Fe(cp)(NHC)(CO) 2 ] + precursor (alkyl wingtips) or by AgBF 4 -mediated halide abstraction from the neutral complex [FeI(cp)(NHC)(CO)] (mesityl wingtips). Remarkably, the polymeric 15 materials were substantially more stable than the related bimetallic model complexes. Electrochemical analyses indicated metal-metal interactions in the pyrazine-containing polymers, whereas in 4,4'-bipyridine-linked systems the metal centers were electronically decoupled. Synthesis of 9a. A solution of 7 (0.208 g, 0.5 mmol) and pyrazine (0.020 g, 0.25 mmol) in dry CH 2 Cl 2 (10 mL) was 65 a in cm -1 , measured neat 50 b in nm, measured in MeNO2 c in V, measured in MeNO2 and calibrated to Fc + /Fc (E1/2 = 0.35 V vs. SCE) as internal standard, ΔE = Epa-Epc in mV d additional shoulders at 1975 and 1963 cm -1 ..
Introduction
While the impact of N-heterocyclic carbene (NHC) complexes 20 in catalysis has been widely recognized, 1 the application of organometallic NHC chemistry in other areas of materials science has been much less developed thus far. [2] [3] [4] This is remarkable, especially when considering the relatively robust metal-carbon bond in NHC complexes. 5 In addition, 25 theoretical 6 and experimental 7 results have indicated that the M-C NHC bond comprises a significant portion of π character when bound to electron-rich metal centers. Such bonding may become attractive for designing systems for potential application in molecular electronics, since facile transfer of 30 electron density along π networks may also encompass the metal center. Specifically when using redox-active metal centers in the main chain, organometallic polymers have great potential to surpass the versatility of most common organic or inorganic conducting systems, 8 as the oxidation state of the 35 metal center in these organometallic polymers represents an additional function that can be selectively addressed and reversibly switched.
Initial efforts on using organometallic NHC chemistry for polymer synthesis concentrated on metals with low redox 40 activity. 9 Predominantly through the pioneering work of Bielawski and coworkers, a range of ditopic carbene ligands became available for the interconnection of two metal centers. 10 Subsequent exploitation of this approach provided access to redox-active molecular switches 11 and to molecular 45 squares. 12 Stimulated by these achievements, we aimed at expanding the use of ditopic carbene ligands for the fabrication of co-polymers containing redox-acitve NHC iron(II) units 13 in the main chain.
Our retrosynthetic approach towards such co-polymers was 50 based on the interconnection of a bimetallic synthon with a ditopic, bridging ligand ( Figure 1 ). Since coordination of a 55 second, non-chelating NHC ligand to a Fe-NHC complex proved to be difficult, we focussed our attention on copolymers that feature two different interconnecting ligands. Hence, the desired co-polymer can be dissected into two bimetallic synthons A and B (Figure 1 ), comprising each a 60 different ditopic ligand. Here we report on the synthesis and electrochemical properties of iron NHC polymers and their bimetallic synthons A and B. Metal-metal interactions in these systems are strongly dependent on the type of diimine ligand employed.
Experimental Section

General Comments
All manipulations were performed using standard Schlenk techniques under an argon atmosphere unless stated otherwise. Toluene, THF and CH 2 Cl 2 were dried by passage through solvent purification columns, all other reagents were used without further purification. The synthesis of the diimidazolium salts 1 14 and 2 15 and complexes 7 13 and 8 16 are described elsewhere. Unless stated otherwise, all 1 H and 13 C{ 1 H} NMR spectra were recorded at 25 °C on Bruker 10 spectrometers operating at 360 or 400 MHz ( 1 H NMR) and at 100 MHz ( 13 C NMR), respectively. Resonance frequencies were referenced to residual solvent 1 H or 13 General procedure for the preparation of polymers 13a and 14a. An acetone solution (10 mL) containing complex 5 (0.15 mmol) and diimine (0.15 mmol) was irradiated for 16 h. 100 The product precipitated from the reaction mixture and was collected by filtration and washed with CH 2 Cl 2 (2 × 2 mL). Analytical data are collected in Table 6 . General procedure for the preparation of polymers 13b and 14b. 
Results and Discussion
Carbene-connected dinuclear iron(II) complexes (Synthon A)
50
Formation of synthon A required a ditopic carbene ligand precursor. For this purpose, we investigated the diimidazolium salts 1 and 2 comprising a flexible methylene and a rigid phenylene linker, respectively. The bimetallic iron(II) complexes 3-6 containing these bridging NHC ligands were 55 synthesized via the free carbene route (Scheme 1). In order to prevent chelation of the flexible dicarbene ligand derived from 1, 13 metal coordination was performed at low ligand concentrations. After deprotonation of 1 by BuLi in THF, the reaction mixture was thus frozen and overlayered with an coordination mode. The tetracarbonyl complex 4 was isolated and fully characterized. AgBF 4 -mediated exchange of the noncoordinating anion from Ito BF 4 afforded complex 5, and photochemically induced CO dissociation from 4 gave the neutral diiron complex 6. 15 The bridging coordination mode of the dicarbene ligands in complexes 3-6 was confirmed by the pertinent 1:1 cp/imidazole molecular ratio in the 1 H NMR spectra. The 1 H NMR spectrum of complex 3 revealed two partially overlapping sets of signals in approximate 4:1 ratio. The 20 presence of diastereomers was rationalized by the fact that the iron centers in 3 are stereogenic and should therefore result in mixtures of rac and meso forms. Most diagnostic are the resonances due to the methylene protons, which appeared as a singlet (δΗ 8.49) in the major isomer and an AB doublet at δ H 25 8.42 and 8.20 ( 2 J HH = 12.8 Hz) for the minor component. Based on these splittings, the major isomer was assigned as rac form comprising two iron centers with identical chirality Since the ortho CH 3 groups (δ H 1.90 and 1.88) and the aryl meta protons (δ H 7.05 and 7.03) of the mesityl wingtip were 30 both mutually diastereotopic on the NMR time scale, fast racemisation at iron seems unlikely. Accordingly, the ironcarbene bonds in these bimetallic complexes are rigid and the metal centers are configurationally stable, Preferred formation of one diastereomer was also noted in related bimetallic 35 rhodium 23 complexes containing bridging dicarbene ligands.
Similar diastereotopic mixtures were observed for complex 6. In the 1 H NMR spectrum, two overlapping singlets for the cp protons (ca. 3:1 ratio) were distinguishable and the Nbound methylene protons of the butyl wingtip groups 40 appeared as two higher order multiplets. Likewise, two sets of resonances were observed in the 13 C NMR spectrum. Since stereogenic centers are lacking in the tetracarbonyl complexes 4 and 5, only one set of resonances was observed in their 1 H and 13 C NMR spectra.
45
The bridging coordination mode of the dicarbene ligand was unequivocally confirmed by crystal structure determinations of 3 and 4. Crystals of 3 contained exclusively the rac isomer (Figure 2a ), thus corroborating the results deduced from solution measurements. The Fe-C carbene 50 distances are 1.956(8) and 1.978(7) Å, respectively ( Table 2) , and hence similar to those in related Fe-NHC complexes. 11, 13, 16, 24 The metal-metal separation is 6.8089 (17) Å. In addition, short intermolecular contacts were found between a cp-bound hydrogen and the iodide, which leads to a 55 dimeric structure in the solid state. (7) ---Fe2-Ccentroid 1.726 (7) ---C26-N4 1.357(7) ---Fe1-C6 1.753(7) 1.792(7) N1-C8 1.394(7) 1.386(10) Fe2-C25 1.756 (7) ---N2-C9 1.398(8) 1.373(9) Fe1-X 2.6155(9) 1.765(8) N3-C27 1.403(7) ---Fe2-I2 2.6293(12) ---N4-C28 1.375(7) ---C8-C9 1.319(10) 1.351(10) C27-C28 1.340(8) --a estimated standard deviations in parentheses
In the molecular structure of 4, the two iron-carbene units are symmetry-related also in the solid state (Figure 3) . The Fe-C carbene bond length is 1.983(6) Å and similar to those observed in complex 3. The metal centers are separated by Electrochemical analysis allowed for probing the electronic coupling of the two metal centers in these bimetallic complexes. Cyclic voltammetry (CV) measurements showed a single reversible oxidation for complexes 3 and 6 (E 1/2 = 0.58 V and 0.47 V vs. SCE, respectively; Table 3 ). These values compare well with other mono-and bimetallic Fe-NHC 10 complexes 13, 16 and indicate little or no metal-metal communication. Deconvolution of the differential pulse 25 Earlier studies on the monometallic 25 [Fe(cp)(NHC)(CO) 2 ] + cation indicated very high oxidation potentials (1.84 V vs. SCE) for dicarbonyl derivatives, 13 hence the tetracarbonyl complexes 4 and 5 were not analyzed. Ligands (Synthon B ) 30 The bimetallic synthon B (cf. Figure 1) comprises terminal carbene ligands and a metal-metal bridging diimine system. Accordingly, the bimetallic Fe-NHC complexes 9 and 10 containing an interlinking pyrazine and 4,4'-bipyridine ligand, respectively, were prepared following two different the color change was markedly slower at low temperatures and at high concentrations. UV-Vis spectroscopic analysis of a freshly prepared MeNO 2 solution of 9 featured two absorption maxima located at 434 nm and 578 nm (for 9a) and 424 nm and 563 nm (for 9b; Figure 4a and Table 4 ).
Dinuclear Fe(II)-NHC Complexes Bridged by N-Donor
60
Complexes 10a and 10b displayed a single maximum at 463 nm and 452 nm, respectively. The absorptions were attributed to charge transfer bands and provided a useful probe for the stability of the complexes. Time-dependent monitoring of the absorption at room temperature indicated that the pyrazine-65 bridged complex 9a is considerably less stable than the corresponding bipyridine analogue 10a. The low energy band of solutions of 9a completely disappeared in less than 5 min (Figure 4b ), while the decrease was much less pronounced for 10a (Figures 4b, c) .
Concomitant 1 H NMR spectroscopy indicated the gradual formation of free pyrazine from solutions of complex 9a in MeNO 2 -d 3 . Pyrazine dissociation was evidenced by the decrease of the signal at δΗ 7.82, assigned to bridging pyrazine coordination. Transient appearance of two signals (δΗ 8.23 and 8.26) suggested the formation of an intermediate complex comprising probably and end-on bound rather than a bridging pyrazine iron complex. Eventual complex decomposition was noted by the growth of the signal at δΗ 8.56, diagnostic for unbound pyrazine, and by the formation of an imidazolium 10 salt. This result correlates well with the observed color change and suggests rapid complex decomposition already at room temperature. Consequently, further analyses of complexes 9 and 10 in solution were carried out at low temperature. In the 1 H NMR spectrum of 9a, recorded at -15 °C in MeNO 2 -d 3 , the 180.8, a typical range for iron(II)-bound NHC carbons. 13, 16 While no diastereoisomers due to the chirality at iron were detected by 1 H NMR spectroscopy, the 13 C NMR spectrum of complex 9a revealed a second set of signals. The chemical shift differences were generally small (< 0.2 ppm) and some 45 signals were overlapping. The largest differences were observed for the chemical shifts of C cp , C CO and C carbene , i.e. the nuclei directly attached to and hence most affected by the stereogenic center. The structure of the pyrazine-bridged dimetallic complex 50 9b was analyzed by single crystal X-ray diffraction. Suitable crystals were grown at 4 °C from MeNO 2 /Et 2 O solution.Perhaps the most remarkable feature of the molecular structure of 9b consists of the π interactions between the pyrazine heterocycle and two mesityl wingtip groups, one 55 from each NHC ligand ( Figure 5 ). The interplanar separation is 3.664(3) Å, which is at the upper limit for π−π interactions 5 (typical distances are 3.4-3.6 Å). 26 The metal-metal separation in this rigid system is 6.8218(17) Å. The CV of 9a in MeNO 2 at -20 °C revealed two reversible waves centered at E 1/2 = 1.06 V and 1.28 V, indicating electronic coupling between the metal centers ( Figure 6 ). ‡
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The separation of the two oxidation processes is 216 mV, which corresponds to a comproportionation constant K c = 10 3.66 (class II/III system; Table 4 ). Complex 9b undergoes two consecutive and quasi-reversible oxidations at E 1/2 = 1.18 V and 1.53 V. The larger separation between the redox 15 processes (ΔE = 352 mV) translates to K c = 10 5.97 , thus identifying complex 9b as a class III compound in which the metal centers are coupled and valences delocalized. Interestingly, the CV of complexes comprising bridging bipyridine showed a single reversible oxidation only (E 1/2 = 20 0.94 V for 10a and E 1/2 = 0.98 V for 10b), suggesting electronically decoupled metal centers. The electron delocalization observed for the pyrazine-bridged complexes 9 may be a consequence of the favorable overlap between the metal dπ orbitals and the π-system of the pyrazine ligand. Such 25 overlap seems to be more pronounced in 9b than in 9a, probably due to the locked conformation of the pyrazine ligand (cf. NMR X-ray analyses). Apparently, such overlap is absent in the bipyridine complexes 10.
In order to investigate the binding properties of imine An X-ray diffraction analysis of complexes 11 and 12 did 45 not uncover any unexceptional features (Figure 7 , Table 5 ). It is worth noting, however, that crystals of 11 were obtained by recrystallization of the diimine complex 9a from MeCN/Et 2 O. Further investigation on the stability of the pyridine ligand in 12 supported the lability of the imine donor. Thus, addition 50 of minute amounts of MeCN to an acetone-d 6 solution of the pyridine complex 12 induced the instantaneous appearance of signals identical to those of 11 along with those of free pyridine. These results suggest that MeCN binds significantly stronger to the [Fe(CO)(cp)(carbene)] + fragment than 55 pyridine, emphasizing the labile coordination of the imine ligands. Weak imine binding corroborates the low stability of the bimetallic complexes 9 and 10.
Redox-Active Organometallic Polymers
Combination of the two synthons, i.e. the dicarbene bridged bimetallic complexes and the diimine linked systems, allowed for synthesizing main-chain organometallic co-polymers. Due to the mild conditions required for imine coordination as 10 opposed to carbene bonding, the polymers were prepared starting from synthon A, that is, complexes containing the dicarbene ligand already installed at the metal center. Based on the reactivity protocols established for imine coordination to the monometallic precursor 7 and 8 (viz. the synthesis of 15 the bimetallic complexes 9 and 10) the bimetallic complex 5 containing butyl wingtip groups and a rigid phenylene spacer between the carbene units was irradiated in the presence of pyrazine or bipyridine as interlinking diimine ligand. Photochemically induced CO dissociation thus yielded the 20 corresponding polymers 13a and 14a, which readily precipitated from the reaction mixture (Scheme 4). The bimetallic complex 3 comprising mesityl wingtip groups required treatement with 1 molequiv of diimine in the presence of 2 molequiv of AgBF 4 to afford the analogous 25 polymers 13b and 14b. Formation of oligo-or polymeric products was indicated by spectroscopy and electrochemistry. While 1 H NMR spectroscopy showed considerably broadened resonances, the UV-vis absorption spectra of 13 and 14 are reminiscent to 30 those of complexes 9 and 10 and suggest binding of the diimine ligand to two iron centers. The pyrazine-containing polymers showed two absorption maxima located at around 420 nm and 540 nm (Table 6) , which is in excellent agreement with the bimetallic synthon 9 (cf. Table 4 ). The polymers with 35 bipyridine exhibit a single absorption maximum with λ max around 460 nm. Similarly, the single ν CO absorption provided a diagnostic probe, specifically when starting from the dicarbonyl precursor 5. For 14a, the strongest absorption was located at ν CO = 1937 cm -1 , which corroborates the data for 10a. When pyrazine was used, however, the presence of the two bands at higher energy (ν = 2043 and 1991 cm -1 ) along with a band at ν CO = 1969 cm -1 suggested that, while the desired polymer was formed, some starting material was not consumed. Electrochemical analysis using CV also supported polymer formation. The half-wave potentials were similar to those of 5 the bimetallic model complexes and hence indicate the anticipated substitution of a carbonyl or iodide ligand at iron with the corresponding diimine ligand (Table 6) . Notably, the quasi-reversible redox wave of the pyrazine-containing polymers 13 were unusually broad, and the maximum current I max was relatively low (Figure 8a ). Such behavior may be explained either by multiple metal-metal interactions, similar to those observed in the corresponding bimetallic system 9b, or more likely, by the fact that the electron transfer is not only diffusion-controlled. The latter is expected in polymers 15 because of their limited rotational flexibility as compared to molecular species in solution. The redox process of the bipyridine analog 14b was considerably sharper, perhaps as a consequence of a low polymerization degree and formation of oligomers only. Indeed, microanalysis of complexes 14 were 20 in line with the presence of tri-and tetramers. § Unexpectedly, time-dependent monitoring of the UV-vis absorption at λ max revealed a substantially better stability of the polymeric systems as opposed to the bimetallic complexes. This effect was particularly pronounced in the 25 pyrazine-containing polymer 13a. While the half-life time of the bimetallic analog 9a in MeNO 2 was on the order of 30 s, polymer 13a had t 1/2 ~ 10 min (Figure 8b ). Such increased stability may be useful for processing these polymers, e.g. by spin coating. After solvent evaporation, the stability increases 30 significantly and in the solid state, no decompostion has been observed thus far.
Conclusions
Organometallic polymers comprising redox-active metal centers in the polymer main chain have been synthesized by 35 co-polymerization of bimetallic iron(II) NHC complexes with pyrazine and 4,4'-bipyridine as ditopic diimine ligands. The polymers are redox active and cyclic voltammetry experiments indicate that the metal centers are electronically coupled when pyrazine was used as interconnecting ligand.
40
The polymers formed are reasonably stable towards air and moisture in the solid state, but they decompose gradually in solution. Comparative studies on analogous bimetallic complexes revealed that the decomposition is due to the dissociation of the weakly coordinating N-donor ligands. In 45 order to use such types of polymers in molecular electronic applications, therefore, it will be necessary to increase the stability of the imine bonding, perhaps via chelation. Studies in this direction and also towards the full exploitation of the electrochemical properties of the polymers are in progress. 
